Genetic variation for resistance and tolerance to pathogens may be maintained by costs represented as genetic tradeoffs between these traits and fitness. The evolution of resistance and tolerance also may be constrained by negative genetic correlations between these defense systems. Using a complete diallel, we measured genetic variation and covariation for and among performance, resistance, and tolerance traits in Mimulus guttatus challenged with a generalist pathogen, Cucumber mosaic virus (CMV). Viral coat protein was detected by enzyme-linked immunosorbent assay (ELISA) in all inoculated plants, indicating that all plants were susceptible to infection, although the ELISA absorbance varied quantitatively across plants. Plants inoculated with CMV had significantly reduced aboveground biomass and flower production relative to controls, although date of first flower was unaffected by infection. All three of these performance traits showed moderate to high narrow-sense heritability (h 2 ¼ 0.32-0.62) in both inoculated and control plants. We found phenotypic variation for both tolerance of and resistance to our strain of CMV, but both displayed very low narrow-sense heritability (h 2 o0.03). We found no evidence of a trade-off between resistance and tolerance. We also found no evidence for a cost of resistance or tolerance. In fact, a significant genetic correlation suggested that plants that were large when healthy had the greatest tolerance when infected. Significant, positive genetic correlations found between performance of uninfected and infected plants suggested that selection would likely favor the same M. guttatus genotypes whether CMV is present or not.
Introduction
Genetic variation for resistance and tolerance to pathogens has been demonstrated in natural populations in a number of plant-pathogen systems (eg Jarosz and Burdon, 1991; Schmid, 1994; Biere and Antonovics, 1996; Mitchell-Olds, 1996; Morrison, 1996; Chiang et al, 2002; Kover and Schaal, 2002; Liu and Ekramoddoullah, 2003) . Such variation is undoubtedly important in the evolution of these defenses (Gilbert, 2002) , and this likely plays an important role in the spatial and temporal dynamics of both plant and pathogen populations (Thrall and Burdon, 2000) . Genetic variation for disease resistance and tolerance can be maintained by frequencydependent selection (Hamilton et al, 1990; Roy and Kirchner, 2000) and by trade-offs. These trade-offs can be in the form of a fitness cost (Frank, 1992 (Frank, , 1994 Antonovics and Thrall, 1994) or trade-offs between different systems of defense (Tiffin, 2000; Eubanks et al, 2004) . This study takes a quantitative genetic approach to understanding genetic variation and the factors that might maintain this variation for resistance and tolerance to a generalist viral pathogen.
As resistance to pathogens likely requires the mobilization of limited resources, resistance is widely believed to be an expensive strategy for a would-be host plant (Sheldon and Verhulst, 1996) . The cost of resistance would manifest itself in the reduced fitness of resistant plants relative to susceptible plants when the pathogen is not present. As a result, we expect negative genetic correlations between measures of resistance and the fitness of healthy plants. These costs can help maintain genetic variation for resistance if the environment is spatially or temporally heterogeneous for the presence or severity of the pathogen (Antonovics and Thrall, 1994) .
Plants also vary in the degree to which they can tolerate given levels of infection. Genetic variation for tolerance could also be maintained by a cost (Simms and Triplett, 1994; Mauricio et al, 1997) . Theoretical considerations of herbivory and disease suggest that selection may generate trade-offs between tolerance and resistance (van der Meijden et al, 1988; Simms and Triplett, 1994; Rausher, 1995, 2002; Stowe, 1998; Strauss and Agrawal, 1999; Tiffin, 2000 ; but see Restif and Koella, 2004 ). As resistant genotypes should experience less damage, selection for the ability of these genotypes to tolerate damage would likely be weak. In less resistant, more heavily damaged plants, there would likely be strong selection for tolerance. As a consequence, we expect to observe a negative genetic correlation between resistance and tolerance.
The ecology and evolution of plant-pathogen interactions in noncrop species has been best studied in plantfungus systems. In particular, work on Linum marginale and its rust pathogen, Melampsora lini (eg Jarosz and Burdon, 1991; Thrall et al, 2001) , and studies of Silene alba and its anther smut fungus, Microbotryum violaceum (eg Alexander and Antonovics, 1995; Ouborg et al, 2000) , have greatly advanced the field. Studies in noncrop plant populations of bacterial pathogens (eg Kover and Schaal, 2002) are much rarer. Although there are many surveys of wild reservoirs of viral pathogens that infect economically important plants, the evolution and ecology of these wild plant-pathogen interactions have rarely been studied (Gilbert, 2002) . Given the wide variety of genetic systems associated with plant defenses against the diversity of pathogens (Ellis et al, 2000) , broadening the field to include the interactions between viruses and wild hosts seems essential (Harper, 1977; Fraser, 1990) .
Most studies of resistance and tolerance in plants drawn from natural populations have relied on broadsense heritabilities and broad-sense genetic correlations (eg Biere and Antonovics, 1996; Davelos et al, 1996; Morrison, 1996; Koskela et al, 2002) . Although these studies have made important contributions to our understanding of variation in defenses against pathogens, there are limits to their interpretation. Broad-sense heritabilities confound the contributions of additive genetic variation, nonadditive genetic variation (dominance and epistasis), and maternal effects (Falconer and MacKay, 1996; Lynch and Walsh, 1998) , making definitive tests of trade-off hypotheses elusive. This could result in both quantitative and qualitative errors in estimates of variation and covariation. Crossclassified breeding designs, such as the diallel design employed in this study, are exceptionally powerful tools for differentiating among the various causal components of phenotypic variation, providing less ambiguous tests of the cost and trade-off hypotheses as well as providing important insight into the nature of variation for resistance and tolerance.
This study examines genetic variation and covariation for resistance and tolerance in the herbaceous annual, Mimulus guttatus, to the widespread, generalist pathogen, Cucumber mosaic virus (CMV). We used a complete diallel crossing design in order to separate additive and nonadditive genetic effects from maternal, paternal, and random environmental effects. We address the following questions: (1) What are the levels of genetic and environmental variation for resistance and tolerance to CMV in this population of M. guttatus? (2) Is there evidence of a cost to resistance or tolerance? and (3 (Ritland and Ritland, 1989; Ritland, 1990; Dudash and Ritland, 1991; Willis, 1993) . It is capable of producing 100 or more large (B20-30 mm wide), yellow, hermaphroditic flowers, each capable of producing several hundred seeds. Most M. guttatus populations are annual, but in habitats that are wet year-round, it can be perennial, spreading through rhizomes (Dole, 1992) .
We collected seed for the parental generation in this experiment in June 1997 from an annual M. guttatus population in Santa Clara County, CA, USA (37117 0 N, 122109 0 W). This population (M5) has been used in previous studies on the effect of inbreeding on interactions between M. guttatus and both CMV (Carr et al, 2003; Eubanks et al, 2004) and the spittlebug Philaenus spumarius (Carr and Eubanks, 2002) .
CMV has one of the broadest host ranges among viruses that infect plants (Palukaitis et al, 1992) , infecting up to 1241 crop and noncrop species in 101 plant families (Edwardson and Christie, 1991) including plants within the Scrophulariaceae (Brunt et al, 1996) . The ubiquitous nature of CMV results, in part, from its ability to be transmitted by at least 75 species of aphid in a nonpersistent manner (Palukaitis et al, 1992) . Aphids acquire CMV during brief probes of infected epidermal cells while attempting to determine if the plant is a suitable host, and with no latent period, can inoculate the virus during a similar test feed on a neighboring plant.
Upon entering a living cell, the CMV infection process is initiated by the production of viral-encoded proteins and replication of the viral RNA. Three genomic, messenger-sense RNA species, each packaged in its own particle, are required for a complete systemic infection, that is, replication, cell-to-cell, and phloemdependent movement (Palukaitis et al, 1992) . During the cell-to-cell movement process, CMV moves via plasmodesmata. The virus will eventually move into vascular tissues, particularly phloem, through which it is rapidly transported to tissues that act as sinks for photoassimilates. This phloem-dependent movement process typically results in the entry of CMV into the roots, young developing tissues, and reproductive organs (Palukaitis et al, 1992) . The systemic invasion produces the dramatic symptoms observed in most hosts, such as chlorosis, mosaic, blistering, and deformation of leaves. While the severity of these symptoms may vary with host, virus strain, and environmental conditions, a general stunting of plant growth resulting from a lack of extension of internodes is common. For many plants, systemic infection by CMV simulates or perhaps triggers early senescence.
Resistance to viral infection can occur at any of the three stages of infection described above. Extreme resistance occurs in those interactions in which the plant does not allow detectable amounts of viral accumulation within individual inoculated cells (Murphy et al, 1998) . Resistance may restrict virus movement from one cell to the next, resulting in localization of the virus or allow movement within but not out of the inoculated leaf (Dawson and Hilf, 1992; Hull, 2002; Ponz and Bruening, 1986) . A more common expression of resistance limits the Resistance, tolerance, and trade-offs DE Carr et al extent of systemic invasion of distant tissues (Murphy and Kyle, 1995; Guerini and Murphy, 1999) .
Diallel crossing design
On 26 September 2000, 30 field-collected M. guttatus seeds from 13 maternal families were sown into square 72-mm 2 pots containing Wetsel Growing Medium III in the greenhouse at the Blandy Experimental Farm in Boyce, VA, USA. On 13 October 2000, a single seedling from each maternal family was transplanted into its own 72-mm 2 pot. Pots were bottom-watered throughout the crossing period, and sodium vapor lights were used to extend the photoperiod to 18L:6D. From 29 November to 7 February 2001, controlled crosses were performed on these 13 plants. Each plant served as a pollen donor to and a pollen recipient from each of the other 12 such that all 156 possible maternal-paternal combinations (excluding self-pollinations) of these 13 plants were generated. These 156 crosses produced 78 genetically full-sib families, with reciprocal maternal and paternal families of each. Flowers were emasculated in-bud 1 day prior to all hand-pollinations. Hand-pollinations were accomplished by holding an anther from the pollen donor with a fine forceps and smearing pollen from the anther onto the receptive surface of the stigma. Hand-pollinations typically yielded several hundred seed. The diallel assumes that traits have a polygenic basis and that there is no inbreeding in either the parents or offspring.
Diallel experiment
On 14 September 2001, 30 seeds from each of the 156 families were sown as described above. From 1 to 3 October, 12 randomly selected seedlings from each were transplanted into their own 72-mm 2 pots. Two seedlings from each of the 156 families were randomly assigned to each of six blocks. A block consisted of a single 1.5 Â 3.65 m greenhouse bench, and the 338 pots of each block were spread out on the bench top as much as possible to minimize the plant-to-plant contact. On each bench, the pots sat within one of twelve 86 Â 40 cm plastic trays to allow bottom watering of plants. Each tray could accommodate 44 pots. A 400 W sodium vapor light above each table extended the photoperiod to 18L:6D as needed.
In each block, one member of each of the 156 sib pairs was randomly assigned to the virus inoculation treatment, and the other was assigned to the mock-inoculated control treatment. Virus inoculations took place on 20 October when the seedlings had grown into large rosettes. The well-characterized CMV strain Fny (kindly provided by Peter Palukautis, Scottish Crop Research Institute, Invergowrie, Scotland) was used. The largest two leaves on each rosette were lightly dusted with carborundum to serve as a minor abrasive (this creates nonlethal wounds that allow entry of viral particles into epidermal cells) followed by mechanical (rub) inoculation with CMV inoculum. The CMV inoculum consisted of systemically infected Nicotiana tabacum cultivar Kentucky 14 tissue ground in 50 mM potassium phosphate buffer, pH 7.0, 10 mM sodium sulfite (1 g tissue: 10 ml buffer). CMV accumulates to high levels in Kentucky 14, and we have found it to be a reliable source of inoculum for M. guttatus. Mock-inoculated control plants (hereafter referred to simply as 'control' plants) were inoculated in a similar manner but with healthy Kentucky 14 tissue ground in buffer. Plants were inoculated by block, with fresh inoculum used for each block.
All plants were monitored daily, and date of first flower (DFF) and symptoms of CMV infection (chlorosis, curled leaves, malformed flowers, and stunted growth) were noted for each. Plants were harvested by block from 26 November to 8 December. At the time of harvest, all flowers and calyces were counted to determine total flower production. In order to assay each plant for CMV (see below), we collected a single leaf from the node above the basal (inoculated) leaves. Each leaf was placed in a sterile Whirl Pak s sample bag and stored at 51C. Plants were then cut at soil level, placed in paper bags, and dried to a constant weight at 501C. We determined aboveground biomass with an Ohaus Precision Standard top-loading balance.
We defined tolerance to the CMV pathogen as the performance difference between an infected host and an uninfected host. Performance was measured as flower production and aboveground biomass, and these data were log and square-root transformed, respectively, to normalize the data. We estimated tolerance by subtracting the performance of a control plant from the performance of its inoculated full sib from the same experimental block. Negative values of tolerance represent decreased performance of infected plants, while positive values suggest overcompensation. Owing to the transformations, this definition is analogous to the 'proportional fitness' definition of tolerance to herbivory provided by Strauss and Agrawal (1999) and not the 'absolute difference.' We preferred a proportional measure in order to account for absolute differences among families.
The performance of CMV within its host plant can be taken as an operational measure of host resistance. To measure virus accumulation in leaf tissues of M. guttatus, direct double antibody sandwich enzyme-linked immunosorbent assay (ELISA) was carried out at Auburn University. A CMV-specific ELISA kit was used according to the manufacturer's instructions (Agdia Inc., Elkhart, IN, USA). A single disk of 7.5 mm in diameter was removed from each leaf using a cork borer and homogenized in 150 ml of extraction buffer (prepared as recommended by Adgia Inc.) using a Teflon homogenizer in an eppendorf tube. ELISA reactions (absorbance) were recorded at 405 nm with a Sunrise microtiter plate reader (Phenix Research Products, Hayward, CA, USA). In an effort to standardize ELISA reactions among tests that were performed at different times, each microtiter plate included a sample of purified CMV of known concentration. The ELISA reactions for each microtiter plate were recorded when the ELISA absorbance for the purified CMV reached 1.0. We also assayed 150 control plants. None of these exhibited any reactivity.
Diallel analysis
Genetic variance and covariance components were estimated using a restricted maximum-likelihood approach. This approach constrains all variance estimates to be 0 or positive. Estimates were generated using the Quercus program developed by Shaw and Shaw (1994) , which follows the Cockerham and Weir (1977) 'Bio' genetic model for diallel analysis. Included in the model Resistance, tolerance, and trade-offs DE Carr et al are the following six variance components: additive and dominance genetic effects, maternal and paternal non-nuclear genetic and environmental effects, an interaction component consisting of nuclear Â non-nuclear interactions, and a random environmental component (nuclear Â nuclear epistatic interactions are not estimable and assumed to be zero in Quercus). Separate univariate analyses were run for control and inoculated plants on each of three plant performance characters: DFF (calculated as the number of days post-transplant), total flower production (square-root transformed to meet homogeneity of variance and normality assumptions), and aboveground biomass (log-transformed to meet assumptions). To measure genetic variation for resistance, we ran a univariate analysis of ELISA absorbance from inoculated plants. Finally, variance components for tolerance were estimated separately for two measures of plant performance: flower production and aboveground biomass. Analyses involving tolerance based on DFF were omitted because we found no significant effect of virus infection on DFF (see Results below).
We estimated across-environment (control versus inoculated) covariances in bivariate analyses of flower production, and aboveground biomass. These bivariate analyses allowed for a second test for genetic variation for tolerance. These analyses test for a genotype Â environment interaction, and variation for tolerance would be indicated by genetic correlation coefficients significantly less than 1.0 (Lynch and Walsh, 1998) . In each case, variance components estimated as 0 in the univariate analyses were constrained to 0 in the bivariate analyses. As the traits in these bivariate analyses were measured on different individuals (one measurement for each control plant and one measurement for each infected plant), we constrained the environmental covariance to 0, except in the cost of tolerance analyses. As tolerance was calculated from both control and inoculated plants, an environmental covariance between tolerance and control performance was possible. Variance and covariance parameters were estimated for each of the remaining components of the Cockerham and Weir (1977) Bio model.
We tested for a cost of resistance by performing bivariate analyses between ELISA absorbance of infected plants and aboveground biomass and flower production of control plants. As the ELISA absorbance is a measure of virus accumulation in the host, a high ELISA absorbance is indicative of low resistance of the host to CMV. For this and other bivariate analyses involving ELISA absorbance, the signs of the breeding values have been reversed, so that the most resistant genotypes have the highest (positive) breeding values, and the least resistant genotypes have the lowest (negative) breeding values. This produces the traditional expectation of negative genetic correlations for costs and tradeoffs involving resistance. Again, because the traits in these bivariate analyses were measured on different individuals (performance on control plant and ELISA scores on infected plants), we constrained the environmental covariance to 0. Variance components found to be 0 in the univariate analyses also were constrained to be 0 in these bivariate analyses.
We tested for a trade-off between resistance and tolerance by performing a bivariate analysis of ELISA absorbance and tolerance. Separate bivariate analyses were run for ELISA absorbance and tolerance based on aboveground biomass and flower production.
The hypothesis that variance or covariance components differed from 0 was evaluated using log-likelihood ratio tests. In this method, the parameter estimate of interest (eg the additive genetic variance component) was constrained to 0. Twice the difference between the log-likelihood of unconstrained and constrained models is distributed as w 2 with 1 df.
Results

Effects of CMV on plant performance
The large majority of M. guttatus plants inoculated with CMV developed chlorosis (74%), and a large proportion (33%) showed severe floral deformities with unfused petals and malformed stamens and pistils. CMV had no significant effect on DFF, but the virus significantly reduced flower production by 11.8% and aboveground biomass by 30.9%. As CMV did not alter DFF, the DFF data set was not used in tests for costs of resistance or tolerance or for the tests for trade-offs between resistance and tolerance.
Univariate analyses of genetic variation
All three measures of plant performance, DFF, flower production, and aboveground biomass, showed significant additive genetic variation, with narrow-sense heritabilities ranging from 0.32 to 0.62 (Table 1) . For all three, heritabilities were consistently higher for plants Resistance, tolerance, and trade-offs
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infected with CMV, with the heritability of aboveground biomass increasing almost 30% over the uninfected plants. This large increase as well as the increase seen in the heritability of DFF was due primarily to the expression of greater additive genetic variation (the numerator of heritability) in infected plants rather than a reduction in total phenotypic variation (the denominator of heritability). Dominance variance was not significantly greater than zero for any trait, but all showed significant interaction effects. These interactions represent nuclear Â non-nuclear (eg cytoplasmic) effects. Maternal effects were significant for all traits except DFF in inoculated plants.
Unlike the individual performance traits, our univariate analyses of resistance (ELISA absorbance, which is a measure of virus accumulation) and tolerance revealed very low heritabilities, none of which were significantly greater than zero (Table 2) . Dominance, paternal effects, and nuclear Â non-nuclear interactions were also very small, and maternal effects were significant only for tolerance based on flower production.
Genetic correlations
The low levels of genetic variation that we observed for tolerance and resistance made it difficult to detect significant genetic correlations involving these traits, but the patterns are nonetheless informative. We tested for a cost of resistance by examining the additive genetic correlation between the performance (aboveground biomass and flower production) of control plants and the resistance of inoculated plants. There was weak evidence of a trade-off with aboveground biomass, but neither genetic correlation was significantly different from 0 (Figure 1) . Interestingly, however, there were strong positive correlations in maternal effects seen in the analyses involving flower production and aboveground biomass (r ¼ 1.0 in each case). These indicate that maternal effects that are favorable for performance are not favorable for resistance.
Similarly, we tested for a cost of tolerance by examining the genetic correlation between performance traits of control plants and tolerance. We found the expected negative genetic correlations between tolerance and both flower production and aboveground biomass of control plants, but neither of these correlations was significant (Figure 2 ).
The additive genetic correlations between the performance (flower production and aboveground biomass) of inoculated and control plants were all significant and strongly positive (Figure 3 ). These data indicate that the best performers fared well with or without CMV infection and the poorer performers were poor, with or without infection. Neither of the two additive genetic correlations was significantly different from 1.0, supporting our earlier conclusion that there is little genetic variation for tolerance. Strong positive correlations were also observed in the effects of the maternal environment (r ¼ 0.854 and r ¼ 1.0 for flower production and aboveground biomass, respectively).
We tested for evidence of a trade-off between resistance and tolerance by examining their genetic correlation (Figure 4) . No evidence of a trade-off was observed, with the additive genetic correlation near zero for tolerance calculated from the flower production data (Figure 4a ) and positive for tolerance calculated from the Figure 1 Genetic correlations between resistance (ELISA absorbance) and the performance of uninfected (control) plants based on (a) flower production and (b) aboveground biomass. As the breeding value signs for ELISA absorbance have been reversed, costs of resistance would be revealed by significant negative genetic correlations. The additive genetic correlations (r) were estimated using the restricted maximum-likelihood estimation procedure in Quercus (Shaw, 1987; Shaw and Shaw, 1994) . Sire breeding values were obtained as twice the difference between a sire's mean progeny performance and the grand mean (Falconer and MacKay, 1996) . Approximate standard errors are 0.301 and 0.302 for the correlations in (a) and (b), respectively.
aboveground biomass data (Figure 4b ), indicating that the most resistant genotypes also tend to be the most tolerant. In neither case, however, is the correlation significantly different from zero.
Discussion
Genetic variation for resistance and tolerance In a review of resistance to plant viruses in crop cultivars, Fraser (1990) noted that the genetic basis of resistance ranged from simple, single locus control to polygenic control involving modifier loci and epistasis (eg Drijfhout, 1978) . In particular, work on the genetics of CMV infection in cultivars of the gourd Cucurbita pepo showed that the inheritance of resistance likely involved at least two loci with direct effects on resistance and many more loci that acted indirectly through their effects on growth rate and general vigor (Pink, 1987) . Our data on virus accumulation obtained from ELISA showed continuous, normally distributed variation, but narrow-sense heritability estimates derived from these data were low, suggesting little additive genetic variation for resistance to CMV infection in M. guttatus. Heritability estimates for plant performance traits reflected a fairly high degree of additive genetic variation, comparable to levels seen in floral morphology traits in M. guttatus (Carr and Fenster, 1994; Robertson et al, 1994) . When inoculated and control plants were compared, however, we found very low levels of additive genetic variation for tolerance. This was true whether tolerance was measured as the difference in performance between inoculated and control plants or by examination of the genetic correlation between performance of inoculated and control plants. All measures of plant performance were strongly, positively correlated across inoculated and control plants, suggesting that the most vigorous genotypes performed well, whether they were infected or not, and that the least vigorous genotypes performed poorly, whether they were infected or not.
Our observation of low levels of additive genetic variation for tolerance is consistent with a model presented by Roy and Kirchner (2000) that predicts low levels of variation for tolerance to pathogens. If an allele confers greater tolerance to a pathogen, it will be favored by natural selection. As tolerance spreads through the Resistance, tolerance, and trade-offs DE Carr et al population, the pathogen should become more common because this indirectly selects for susceptible genotypes. As the pathogen becomes more common, selection for tolerance becomes intensified, and the positive feedback quickly drives the allele to fixation. Roy and Kirchner (2000) cite 11 studies on plant-rust interactions that conform to their predictions of low levels of variation for tolerance. Their model assumes no cost to tolerance, however, and does not consider evolutionary responses of the pathogen, which may increase in virulence as tolerance evolves in the host (Desbiez et al, 2003) .
The low levels of variation for resistance found in M. guttatus were more surprising. Genetic variation for resistance to pathogens is commonly found in natural plant populations (eg Morrison, 1996; Thrall et al, 2001; Chiang et al, 2002; Koskela et al, 2002; Liu and Ekramoddoullah, 2003) , although it is not universal (eg Simms and Triplett, 1994) . There are several factors that should act to maintain genetic variation for resistance. Roy and Kirchner (2000) point out that genetic variation for resistance should be maintained under most conditions because the selective advantage of a resistance allele should be negatively frequency dependent. The allele has its greatest advantage when rare because the pathogen should be common, but the advantage decreases as the allele spreads through the population and the pathogen consequently becomes less common. Spatial structure of the host population should also help maintain genetic variation for resistance (Thrall and Burdon, 2002) , as should a cost of resistance (Frank, 1992 (Frank, , 1994 . Genetic variation in the pathogen could result in frequency-dependent selection, leading to high levels of genetic variation in the host, especially if resistance has a high specificity (eg Hamilton et al, 1990) . We suggest that M. guttatus may cope with a generalist virus like CMV by continuing to grow and develop despite the infection and drain on resources.
Nuclear Â non-nuclear interactions were evident for all performance traits, accounting for as much as 18% of phenotypic variation (Table 1) . Such interactions are often observed in crosses between populations, but are surprising to find in crosses made within populations, as in our case (Clark and Lyckegaard, 1988) . Combined direct and indirect (interaction) maternal effects accounted for as much as 21% of phenotypic variation. These effects would have the effect of slowing the response to selection in a random-mating population. Maternal effects generally increased plant performance.
Cost of resistance and tolerance
In order to account for the existence of genetic variation for resistance, many models of the evolution of resistance to pathogens assume that a cost of resistance exists (Leonard and Czochor, 1980; Antonovics and Thrall, 1994) . If there is no cost to tolerance or resistance, many theoretical models predict that alleles that increase tolerance to natural enemies should quickly sweep to fixation (Roy and Kirchner, 2000; Tiffin, 2000) . We found no evidence of significant costs of resistance or tolerance. On the contrary, those genotypes that displayed the highest levels of tolerance when infected with CMV tended to have the highest aboveground biomass when uninfected.
Costs of resistance have been reported in prior studies of plant-pathogen systems, although cost is not universally found. In S. alba, Biere and Antonovics (1996) found gender-specific costs of resistance to anther smut fungus, Microbotryum violaceum. In populations without the fungus, highly resistant male S. alba genotypes had lower reproductive success than highly susceptible genotypes. Female S. alba exhibited no cost of resistance. In an artificial selection study of the mustard Brassica rapa, Mitchell-Olds (1996) found a strong cost of resistance to the fungus Peronospora parasitica but no cost of resistance to the fungus Leptosphaeria maculans. On the other hand, Simms and Triplett (1994) found that Ipomoea purpurea genotypes that were most resistant to the fungal pathogen Colletotrichum dematium also performed the best in disease-free environments.
Costs of tolerance to anthracnose have been observed in I. purpurea (Simms and Triplett, 1994) , and the reduced competitive ability of grazing-adapted plants suggests that costs may be common in plant-herbivore systems (Painter et al, 1989) . We observed no evidence for a cost of tolerance. The strong positive correlations between performance of infected and uninfected genotypes Resistance, tolerance, and trade-offs DE Carr et al suggest that costs, if any, are minimal. This suggests that selection operating in M. guttatus populations should favor the same genotypes whether those populations are infected with CMV or not.
In our analyses of potential costs of resistance, we uncovered very strong, positive maternal effect correlations between our measures of control plant performance and our measure of virus accumulation. This result clearly illustrates the potential errors in interpretation that can be caused by genetic analyses that fail to factor out maternal effects (eg analyses relying simply on family means; Falconer and MacKay, 1996) . In analyses that confound maternal effects with genetic effects, the maternal effects observed in this study would likely have been misinterpreted as evidence for costs of resistance when, in fact, none appear to exist.
Trade-off between resistance and tolerance Tolerance and resistance may represent alternative state solutions to the selective force imposed by natural enemies (Strauss and Agrawal, 1999) . Highly resistant genotypes will experience little selection for increased tolerance, and highly tolerant genotypes should experience little selection for resistance. Resistance and tolerance to herbivores have indeed been found to show negative genetic correlation within populations (Fineblum and Rausher, 1995; Fornoni et al, 2003) . We have found no evidence for such a trade-off between resistance and tolerance to CMV, nor do we know of any published evidence for pathogen defense in general. If any correlation did exist, our data suggest that resistance and tolerance to CMV appear to be positively correlated in M. guttatus. As discussed earlier, this pattern may be due to the ability of the most vigorous plants to essentially outgrow the damage caused by CMV infection.
A difficulty in evaluating tolerance by simply comparing infected and control plants is that tolerance and resistance are somewhat confounded in an experiment of this kind. The damage observed in any infected plant relative to its control is potentially a function of the severity of its infection as well as any physiological or developmental ability to tolerate infection. If all plants were equally physiologically and developmentally tolerant but variable in resistance, a positive correlation would be observed between 'tolerance' (as we have measured it in this experiment) and resistance. Resistant plants with low-level infections would exhibit little performance difference (apparent 'high tolerance'), whereas less resistant plants would exhibit high levels of damage (apparent 'low tolerance'). This would produce the pattern we observed in the correlations between performance and ELISA absorbance. Without a measure of tissue or physiological damage caused by the pathogen, it would be premature to completely reject the trade-off hypothesis for resistance and tolerance. An alternative approach would be to measure tolerance as the slope of the regression line of performance on infection level.
Conclusions
Despite fairly high levels of genetic variation for performance traits, M. guttatus exhibits little genetic variation for resistance or tolerance to the generalist pathogen CMV. Evidence for a cost of resistance or tolerance was absent. The hypothesized trade-off between resistance and tolerance was also unsupported, with the observed correlation opposite in sign to the expectation. The evolution of tolerance and resistance in this system appears constrained primarily by low levels of genetic variation. Our data demonstrate strong positive genetic correlations between the performance of uninfected and infected plants, suggesting that in this interaction between a generalist pathogen and an annual plant, CMV infection would not alter the pattern of selection.
